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Statement  of  the  Problem  Studied 


This  project  has  been  focused  on: 

(1)  The  study  and  fabrication  of  magnetic  single  domain  particles. 

(2)  The  improvement  of  the  resolution  of  magnetic  force  microscopy  (MFM)  tips  for  magnetic  domain 
imaging. 

(3)  Experimental  and  theoretical  studies  of  the  magnetization  reversal  process  in  nanostructured 
materials. 

(4)  Magnetic  domain  images  by  magnetic  force  microscopy  with  an  applied  magnetic  field. 


Summary  of  the  most  important  results 

(1)  Enhancement  of  Coercivitv  in  Nanometer-Size  CoPt  Crystallites 

Many  magnetic  devices  are  required  to  have  high  magnetic  coercivity  (He),  such  as 
magnetic  bias  films  of  magneto-resistive  elements,  magnetic  tips  for  magnetic  force  microscopy, 
high-density  magnetic  recording  media  and  magneto-optic  recording  media.  The  CoPt  binary 
alloy  is  an  excellent  system  because  of  its  chemical  stability  and  high  magnetic  anisotropy.  The 
anisotropy  of  CoPt  compounds  is  as  high  as  4xl07  ergs/cm3  and  the  saturation  magnetization  is 
about  800  emu/cm3. 

For  this  study,  we  showed  that  CoPt  thin  films  with  well-separated  crystallites  and  well- 
ordered  fet  structure  were  achieved  by  controlling  the  annealing  time  and  annealing  temperature. 
From  atomic  force  microscopy  and  magnetic  force  microscopy  studies,  the  magnetic  single 
domain  size  of  CoPt  is  in  the  range  of  100  to  200  nm.  The  high  He  is  likely  due  to  the  well- 
separated  nanometer-size  crystallites  and  the  well-ordered  fet  phase  of  CoPt  alloy.  For  the  first 
time,  we  have  enhanced  the  magnetic  coercivity  of  a  CoPt  film  to  37  kOe. 

(2)  CoPt  Magnetic  Force  Microscopy  (MFM)  Tips 

The  magnetization  direction  of  a  magnetic  force  microscopy  (MFM)  tip  will  change 
during  measurement  if  the  magnetic  coercivity  (He)  of  the  MFM  tip  is  lower  than  the  magnetic 
stray  field  of  the  sample.  As  a  result,  the  magnetic  images  are  difficult  to  interpret.  This  is  also  a 
problem  in  the  determination  of  the  magnetization  direction  of  the  MFM  tip,  when  the 
demagnetization  field  can  not  be  neglected  due  to  the  shape  of  the  tip.  These  problems  can  be 
resolved  by  using  high  He  MFM  tips  because  its  He  is  higher  than  the  demagnetization  field. 

To  our  knowledge,  we  have  fabricated  CoPt  MFM  tips  with  high  He  for  the  first  time.  We 
demonstrated  that  the  He  of  these  MFM  tips  is  higher  than  the  gap  field  of  a  typical  thin-film 
recording  head.  The  magnetic  transitions  and  magnetic  grains  in  a  recording  disk  were  also 
clearly  observed.  This  was  likely  due  to  the  better  defined  magnetization  direction  and  very 
small  size  of  the  high  He  CoPt  MFM  tip.  There  are  possibly  many  other  advantages  in  the 
application  of  the  high  He  tips.  For  example,  the  high  He  tips  may  be  used  in  the  study  of 
magnetic  domain  images  in  the  presence  of  an  external  magnetic  field.  It  has  also  been  shown  by 
Proksch  et  al.  that  the  power  dissipation  in  the  magnetic  image  can  be  eliminated  by  using  a  high 
He  CoPt  MFM  tip  which  will  result  in  improved  images. 

(3)  Advanced  Magnetic  Force  Microscopy  Tips 

We  have  developed  several  methods  to  fabricate  advanced  MFM  tips  for  magnetic 
images.  In  this  work,  we  used  our  combined  resources  in  thin  film  preparation,  tip 
microfabrication  techniques  and  expertise  in  magnetic  force  microscopy. 

Magnetic  force  microscopy  (MFM)  is  a  useful  imaging  tool  for  studying  a  wide  variety  of 
local  magnetic  phenomena.  It  allows  the  direct  visualization  of  magnetic  domains  and  provides 
the  experimental  basis  for  theoretical  modeling.  The  technique  measures  changes  in  the 
interaction  force  between  a  magnetized  probe  and  the  local  stray  magnetic  field  from  the  sample, 


point  by  point,  as  the  probe  is  scanned  across  the  surface.  The  probe  is  typically  a  cantilever 
made  from  silicon  or  silicon  nitride,  with  a  ferromagnetic  tip  on  the  free  end.  The  inherent 
resolution  depends  upon  the  confinement  of  the  interaction  at  the  end  of  the  probe  and  sensitivity 
depends  upon  the  ratio  of  the  cantilever  spring  constant  to  the  magnetic  moment.  At  present, 
commercial  MFM  probes  resolve  about  50-100  nm  features  at  force  constant  of  about  0.01  N/m  - 
—  roughly  equivalent  to  resolving  the  field  gradients  from  a  10'12  emu  source  at  a  distance  of  50 
nm.  Despite  the  impressive  performance  and  widespread  use  of  the  MFM,  there  are  important 
probe-related  limitations  that  need  to  be  overcome  to  realize  its  full  potential.  The  first  of  these 
is  the  enhancement  of  resolution  and  sensitivity.  As  is  well  known  from  microscopy,  in  order  to 
measure  something  at  a  given  length  scale  it  is  necessary  to  have  a  probe  whose  dimensions  are 
much  smaller  than  those  of  the  object  to  be  measured.  In  the  case  of  magnetic  force  microscopy 
(MFM)  the  force  on  the  magnetic  probe  is  determined  by  the  stray  field  gradient  arising  from  the 
sample  under  investigation.  Obviously,  the  smaller  the  magnetically  active  volume  of  the  probe, 
the  less  it  will  be  affected  by  areas  from  far  away  since  the  dipole  nature  of  the  field  causes  it  to 
diminish  rapidly  with  distance.  Therefore,  in  order  to  make  a  high  resolution  MFM  it  is 
necessary  to  create  an  extremely  small  magnetic  probe.  Fig.  1  shows  a  few  examples  of  the 
advanced  magnetic  force  microscopy  tips  that  were  made  in  our  laboratory  by  different  methods. 


Fig.  1  Advanced  magnetic  force  microscopy  tips  made  by  three  different  methods  (a)  by  ion 
milling,  (b)  electron  beam  deposition,  (c)  focused  ion  beam  milling. 

We  have  successfully  fabricated  a  very  sharp  MFM  tip.  The  tip  was  first  coated  with  a 
magnetic  film  then  machined  by  a  focused  ion  beam  source  (in  collaboration  with  Professor  Jon 
Orloff  at  the  University  of  Maryland),  so  that  there  is  a  nanometer-size  magnetic  particle  on  the 
very  end  of  the  tip.  The  smaller  size  of  the  magnetic  particle  result  in  much  improved  lateral 
resolution.  Fig.  2  shows  the  domain  configuration  of  a  150nm-thick  epitaxial  (110)  Fe  film 
obtained  by  a  MFM  tip  that  was  machined  by  a  focused  ion  beam  source. 


Fig.  2  The  domain  configuration  of  a  150nm-thick  epitaxial  (1 10)  Fe  film  obtained  by  a  MFM  tip 
that  was  machined  by  a  focused  ion  beam  source. 


The  image  was  obtained  with  a  vertically  magnetized  tip  in  a  zero  applied  magnetic  field 
to  the  sample.  As  shown  in  the  above  magnetic  images  the  MFM  tip  innovations  undoubtedly 
improved  imaging  capability.  The  arrows  indicate  the  magnetization  direction.  The  full  width  at 
half  maximum  of  the  Bloch  domain  wall  width  was  measured  to  be  60-70nm,  which  agrees  well 
with  the  calculated  value  for  that  of  bulk  Fe.  The  above  MFM  tip  innovations  undoubtedly 
improved  imaging  capability.  We  will  continue  a  systematic  investigation  of  this  advanced  tip 
technology. 

(4)  Magnetic  Domain  Images  by  Magnetic  Force  Microscopy  with  an  Applied  Magnetic 
Field 

The  dependence  of  the  domain  structure  of  thin  magnetic  films  on  the  size  of  the  sample, 
its  thickness,  shape,  and  the  effect  of  the  underlying  layer  on  the  domain  structure  can  now  be 
imaged  in  the  presence  of  an  applied  magnetic  field  using  magnetic  force  microscopy.  We  will 
be  able  to  improve  the  performance  of  magnetic  devices  by  better  understanding  the  response  of 
magnetic  domains  under  magnetic  fields. 

The  magnetization  direction  of  a  magnetic  force  microscopy  (MFM)  tip  will  change 
during  measurement  if  the  magnetic  coercivity  (He)  of  the  MFM  tip  is  lower  than  the  stray 
magnetic  field  of  the  sample.  As  a  result,  the  magnetic  images  are  often  difficult  to  interpret. 

This  is  also  a  problem  in  the  determination  of  the  magnetization  direction  of  the  MFM  tip,  when 
the  demagnetization  field  can  not  be  neglected  due  to  the  shape  of  the  tip.  These  problems  can  be 
resolved  by  using  high  He  MFM  tips  because  its  He  is  higher  than  the  demagnetization  field. 
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Fig.3  Magnetic  domain  structures  in  a  patterned  epitaxial  (110)  Fe  film  under  a  magnetic  field.  The  film  was 
magnetized  at  -5,000  Oe  before  the  measurement,  (a)  at  -400  Oe,  the  edge  domain  wall  is  formed,  (b)  between  -300 
Oe  and  -270  Oe  the  domain  wall  propagates  from  the  edge  into  the  sample.  It  shows  a  rapid  change  of 
magnetization  (c)  at  -260  Oe  the  domain  structure  is  formed  in  the  film,  (c)  (d)  (e)  (f)  between  -260  Oe  and  260  Oe, 
the  domain  walls  only  move  a  short  distance.  This  shows  flux  closure  domains,  (g)  at  300  Oe  the  domain  wall  starts 
to  disappear  and  domain  walls  exist  only  at  the  edge  and  at  the  surface  (the  surface  domain  wall  has  a  much  lower 
signal  i.e.  light  color.)  (h)  at  400  Oe,  the  sample  is  nearly  saturated,  however,  the  surface  domain  wall  is  still 
visible.  In  contrast,  there  is  no  surface  domain  in  the  domain  pattern  (a)  (that  was  magnetized  at  -5,000  Oe  before 
the  measurement).  The  surface  domain  disappears  at  an  applied  magnetic  field  of  about  600  Oe. 

To  our  knowledge,  we  have  fabricated  CoPt  MFM  tips  with  high  He  for  the  first  time.  We 
demonstrated  that  the  He  of  these  MFM  tips  is  higher  than  the  gap  field  of  a  typical  thin-film 
recording  head.  The  magnetic  transitions  and  magnetic  grains  in  a  recording  disk  were  also 


clearly  observed.  This  was  due  to  the  better  defined  magnetization  direction  and  very  small  size 
of  the  high  He  CoPt  MFM  tip.  There  are  many  other  advantages  in  the  application  of  the  high  He 
tips.  For  example,  the  high  He  tips  may  be  used  in  the  study  of  magnetic  domain  images  in  the 
presence  of  an  external  magnetic  field.  An  example  of  this  type  study  is  shown  in  Fig.  3.  In  this 
case,  the  magnetic  field  was  applied  along  the  hard  axis  [1 10]  of  a  patterned  epitaxial  (1 10)  Fe 
film.  The  sample  has  a  10  pm  width,  200  pm  length,  and  100  nm  thickness.  The  magnetization 
curve  was  measured  by  a  SQUID  magnetometer.  The  detailed  domain  evolution  can  clearly  be 
seen,  showing  that  we  are  able  to  directly  correlate  the  magnetic  domain  patterns  with  the 
magnetization  curve. 

15)  Magnetization  Reversal  Process 

We  have  studied  both  experimentally  and  theoretically  the  magnetization  reversal  process 
in  nanostructured  materials  with  the  goal  of  better  understanding  reversal  mechanisms  at  high 
temperatures.  For  most  magnetic  systems  at  high  temperature,  reversal  occurs  when  the  local 
magnetization  of  a  particle  or  grain  gains  enough  random  thermal  energy  to  “hop”  over  the 
anisotropy  energy  barrier,  or  for  a  domain  wall  to  jump  over  a  pinning  energy  barrier.  Such 
thermally-activated  processes  dominate  at  room  temperature  and  above  and  must  be  realistically 
modeled.  We  have  developed  a  simple  model  of  interacting  particles  (both  exchange  and  dipolar 
interactions)  which  permits  us  to  simulate  the  reversal  process  over  a  wide  range  of  temperatures 
and  applied  magnetic  fields. 

One  characteristic  measure  of  thermally-activated  reversal  is  the  so-called  “activation 
volume”.  The  activation  volume  V*  is  determined  by  measuring  the  sweep  rate  dependence  of 
the  coercivity  or  by  carrying  out  magnetic  relaxation  measurements  of  various  kinds.  V*  is  often 
used  to  estimate  whether  the  magnetization  of  a  magnetic  material  is  stable  to  thermal 
fluctuations.  Researchers  often  assume  that  magnetization  reversal  occurs  by  coherent  rotation 
of  the  moments  (which  may  be  approximately  true  for  particulate  systems  with  very  small 
magnetic  particles).  A  key  feature  of  the  coherent  rotation  reversal  process  is  that  the  energy 
barrier  to  thermal  activation  varies  approximately  as  EB  =  E0  -  MsV,  where  Ms  is  the  saturation 
magnetization  and  V  is  the  particle  volume.  In  this  case,  simulations  lead  to  the  conclusion  that 
the  activation  volume  is  approximately  equal  to  the  particle  volume.  However,  it  is  quite 
unlikely  that  reversal  in  nanoscale  materials  occurs  by  coherent  rotation  of  the  magnetization.  A 
variety  of  calculations  describing  nucleation  at  particle  surfaces  or  domain  wall  pinning  indicate 
that  Eb  varies  roughly  as  1/H,  where  H  is  the  magnetic  field  -  a  very  different  field  dependence 
of  the  energy  barrier.  We  have  applied  these  ideas  to  a  number  of  magnetic  systems,  including 
magnetic  recording  media  like  CoCrPt  and  magnetic  multilayers  like  Co/Pt. 


Fig.  4:  V*  as  a  function  of  temperature  for  several  different  particle  heights  (t).  Note  in  particular  that  V* 
varies  as  T?at  high  temperature. 


Our  result  indicates  that  the  measured  activation  volume  (as  modeled  by  simple  systems) 
depends  critically  on  the  field  dependence  of  EB.  If  EB  varies  linearly  with  H,  then  one  expects 
the  activation  volume  and  the  magnetic  grain  volume  to  be  similar.  If  however,  EB  varies  as  1/H, 
then  the  high  temperature  activation  volume  is  in  fact  inversely  proportional  to  the  magnetic 
grain  volume.  Figure  4  shows  the  simulated  activation  volumes  as  a  function  of  temperature  for 
several  different  particle  volumes.  Note  in  particular  that  at  low  temperatures,  the  activation 
volumes  are  much  smaller  than  the  particle  volume,  but  much  larger  at  high  temperatures. 
Further,  V*  increases  like  T2  at  high  temperatures.  These  results  are  qualitatively  in  agreement 
with  measurements  on  CoCrPt  particulate  films. 


(6)  Fabrication  and  Characterization  of  Nanostructured  Magnetic  Clusters 


These  nanostructured  thin  films  can  be  formed  using  a  number  of  techniques,  including 
electron  beam  patterning,  stamping  and  replication,  holographic  lithography,  and  others.  As 
examples,  magnetic  domain  patterns  of  FeioNiso  magnetic  thin  films  with  different  lateral 
dimensions  are  shown  in  Fig.  5.  The  rectangular  patterns  of  the  thin  films  were  made  by  e-beam 
lithography.  This  clearly  shows  that  the  domain  patterns  depend  on  both  the  size  and  shape  of 
the  film.  It  shows  that  the  elongated  shape  film  do  not  have  a  single  magnetic  domain.  This 
observation  is  direct  evidence  that  other  factors  (such  as  stress,  crystalline  defects,  etc)  may  play 
important  role  in  the  nanometer-size  magnetic  films.  The  schematic  diagrams  shown  at  the  left  of 
Fig.5  indicate  that  the  cross-tie-domain. 
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Fig.5  Array  of  micrometer  to  submicro-meter  Permalloy  islands  showing  domain  configurations  as  a  function  of  the 
aspect  ratio.  The  rectangular  patterns  of  the  thin  films  were  made  by  e-beam  lithography. 
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group  at  the  University  of  Washington  for  a  magnetic  resonance  force  microscopy  study. 
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4.  High  coercivity  magnetic  force  microscopy  tips  were  sent  to  Dr.  Kannan  M.  Krishnan’s 
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